We investigated the effects of treadmill training (10 weeks) on hindlimb motor function and nerve morphometric parameters in diabetic rats submitted to sciatic nerve crush.
INTRODUCTION
Peripheral neuropathy is a common complication in patients with diabetes mellitus and consists of several clinical syndromes that affect motor, sensory and autonomic nerves. Usual pathologic alterations are axonal atrophy, demyelination, nerve fiber loss and disordered neural repair. 1 Streptozotocin (STZ)-induced diabetes is a well-established animal model for diabetes mellitus and experimental diabetic neuropathy in rats; however, these animals show minimal nerve fiber loss in peripheral nerves. 2, 3 Accordingly, a useful animal model for studying nerve fiber regeneration in diabetic neuropathy is the combination of surgically-induced nerve injury with STZ-induced hyperglycemia in rats. 4 Moreover, nerve regeneration in diabetes is essential for the reversal of peripheral neuropathy and also promotes the recovery of nerves from injury as a result of acute nerve compression and entrapment. However, none of the therapeutic procedures used to prevent progression of nerve dysfunction and promote nerve fiber regeneration were able to completely restore neural function.
However, data concerning the effectiveness of this type of regular exercise in the treatment of human diabetic peripheral neuropathy is scarce. 5 Previous studies have shown that treadmill exercise training can improve peripheral nervous tissue regeneration in non-diabetic rats and mice after nerve injury [6] [7] [8] . In diabetic rats, this training modality can improve the morphologic features and increase the size of A cells from the L5 dorsal root ganglion 9 , and improve autonomic nerve dysfunction in diabetic rats. 10, 11 Although swimming exercise training has been shown to have protective and therapeutic effects on diabetic experimental peripheral neuropathy 12 , there are no data on the effectiveness of treadmill training in the regeneration of nerves affected by experimental diabetes.
Thus, the aim of this study was to investigate the effects of treadmill training on hindlimb motor function recovery and the morphological parameters of nerves in diabetic rats submitted to sciatic nerve crush.
MATERIALS AND METHODS

Experimental design
Experiments were performed on sixty four, 12-week-old, male Wistar rats, weighing 260 g to 315 g, from a local breeding colony (ICBS, Universidade Federal do Rio Grande do Sul, Brazil). The rats were housed in standard plexiglass boxes, under a 12 h light/dark cycle, in a temperaturecontrolled environment (20¡1˚C), with food and water available ad libitum. The animals were cared for in accordance with Brazilian law and the recommendations of the Brazilian Society for Neurosciences, Review Committee of the School of Veterinary Surgery, University of Buenos Aires and the International Brain Research Organization (IBRO), which are in compliance with the National Institute of Health Guidelines for the Care and Use of Laboratory Animals (publication no. 85-23, revised 1985) .
The animals were randomly assigned into groups as follows: non-diabetic (N, n = 6); trained non-diabetic (TN, n = 6); non-diabetic with sciatic nerve crush (NC, n = 6); trained non-diabetic with sciatic nerve crush (TNC, n = 6); diabetic (D, n = 6); trained diabetic (TD, n = 8); diabetic with sciatic nerve crush (DC, n = 9) or trained diabetic with sciatic nerve crush (TDC, n = 7). During the course of the 17 weeks of the experimental protocol, of the 40 diabetic rats, 10 rats died.
Diabetes induction
After fasting (6 h), rats were rendered diabetic by a single intravenous STZ injection (50 mg/kg, Sigma Chemical Co, St Louis, MO, USA) diluted in citrate buffer (pH 4.5; 2 mL/ kg). Non-diabetic rats were only injected with citrate buffer. After 6 h of fasting, glycemia was evaluated using test strips (Advantage, Roche, Indianapolis, IN, USA) at 48 h after diabetes induction, weekly after the beginning of the experimental period and also 24 h after the last bout of exercise. Only those rats with glycemic levels .300 mg/dL were maintained in the diabetic groups. No insulin therapy was used during the study.
Surgical Procedures
Four weeks after diabetes induction (Fig. 1) , the animals were anesthetized using ketamine and xilazine (90 and 15 mg/kg, i.p., respectively; Vetbrands, Brazil), and the right sciatic nerve was exposed by splitting the gluteal muscle, and crushed immediately behind the emergence of the lower limit of the gluteus maximus muscle. The crush was made with 1 mm non-serrated hemostatic forceps for 30 seconds 8 and the crush site was marked by a fine suture through the edge of the epineurium. In rats from the groups without crush (N and D), the sciatic nerve was exposed, but not crushed. The muscles were re-approximated, the skin was closed with 4-0 nylon sutures and the animals were maintained in their cages for 2 weeks.
Maximal Exercise Test
Two weeks after the surgery, all animals were adapted on a treadmill for 10 min at 0.3 km/h for 4 days (Fig. 1) . Maximal exercise tests were performed (MET) after the adaptation period (MET1), at the end of the 5 th week (MET2) and at the end of the training (MET3) to determine, adjust and compare the efficacy of the treadmill training protocol, respectively. The test consisted of a graded exercise on the treadmill, with speed increments of 0.3 km/h every 3 minutes, starting at 0.3 km/h and continuing up to the maximal intensity attained by each rat. 13 
Training Program
Treadmill training was performed at low to moderate intensity (40-50% maximal running speed of the MET). Training began in the 4 th week after sciatic nerve crush ( Fig. 1) , with two sessions per day (at least 4 hours between bouts), 5 days per week for 10 weeks adapted from De Angelis et al. 10 In the sessions, the rats ran for 10 min in the 1 st week, attained 40 min at the end of the 4 th week and 60 min at the end of the 7 th week.
Analysis of Hindlimb Motor Function
Following sciatic nerve crush and until the conclusion of the treadmill training program, all animals were subjected to a series of weekly motor activity assessments. These assessments were held before initiation of the exercise training protocol (pre 1-3 weeks) and after each week of the exercise training period (post 1-10 weeks), making a total of 13 assessments for each rat (Fig. 1) . Recovery of locomotor activity was considered proof of adequate post nerve crush re-innervation of the right hindlimb, and functional recovery was monitored by analysis of the free-walking pattern. This method describes an index based on measurements of the footprints of walking rats, which provides a reliable and easily quantifiable method of evaluating the functional condition of the sciatic nerve 14 . For this test, the rats were trained to walk over a white sheet of paper covering the bottom of a 100 cm-long, 8.5 cm-wide track, which ended in a dark box. Afterwards, the animals had their plantar hind feet painted with dark dye and were then placed on the track to walk.
The rat footprints were used to determine the following measurements: distance from the heel to the third toe [print length (PL)]; distance from the first to the fifth toe [toe spread (TS)]; and distance from the second to the fourth toe [intermediary toe spread (ITS)]. These three measurements were obtained from the experimental (E) and normal (N) sides. Several prints of each foot were obtained on each track, but only three prints of each foot were used to determine the mean measurements in the E and N sides. These mean measurements were then included in the sciatic function index-formula: SFI = 2 38.3 (EPL -NPL) / NPL + 109.5 (ETS -NTS) / NTS + 13.3 (EIT -NIT) / NIT 2 8.8.
14
The result obtained was considered a functional index of the sciatic nerve, where 12 to -12 represents excellent function; -13 to -37, good function; -38 to -62, average function; -63 to -87, unsatisfactory function; -88 to -112, complete deficit; and -113 to -137, worse than complete deficit. 15 
Histological and Morphometric nerve studies
Twenty-four hours after the end of the exercise training protocol, the rats were anesthetized with sodium thiopental (50 mg/kg; i.p.; Cristalia, Brazil) and then transcardially perfused using a peristaltic pump (20 mL/min, Milan, Brazil) with 0.9% saline solution followed by a fixative solution containing 2.5% glutaraldehyde (Sigma Chemicals Co.) and 4% paraformaldehyde (Reagen, Brazil) in 0.1 M phosphate buffer (PB), pH 7.4, at room temperature. The right sciatic nerve was isolated and excised in 2 short segments (,3 mm), one taken 5 mm before, and one after, the crush injury site (proximal and distal portions, respectively). The portions were then post-fixed in 1% OsO 4 (Sigma Chemicals Co) in PB, dehydrated in a graded series of alcohol and propylene oxide (Electron Microscopy Science, Hatfield, PA, USA), embedded in resin (Durcupan, ACM-Fluka, Buchs, Switzerland) and polymerized at 60˚C for 72 h. Afterward, cross-sectional semithin sections (900 nm) were obtained using an ultramicrotome (Leica Ultracut UCT 2.0, Vienna, Austria) and stained with 1% toluidine blue (Merck, Darmstadt, Germany) in 1% sodium tetraborate (Ecibra, Brazil).
Images of the proximal and distal portions of the right sciatic nerve obtained from the 6 rats per group were captured and digitalized (initially 10006 and then further amplified 200% for analysis) using a Nikon Eclipse E-600 microscope (Nikon, Tokyo, Japan) coupled to a digital camera and Image Pro Plus Software 6.0 (Media Cybernetics, Silver Spring, MD, USA). For morphometric evaluation, a set of 6 images from each nerve portion was chosen by a blinded examiner using random sampling of one slice, 3 random images from the periphery and 3 random images from the center of the nerve. 8 The total area of the sciatic segment examined was the sum of the 6 randomly selected areas (8919.36 mm 2 in total). Both proximal and distal portions of the right sciatic nerves were analyzed separately, and the average number of fibers analyzed per nerve segment was 155. The morphometrical measurements included the myelinated fiber density (number of myelinated fibers/mm 2 ), average myelinated fiber diameter (mm), average axonal diameter of the myelinated fiber (mm), average myelin sheath thickness (mm), percentage of area occupied by myelinated fibers (%) and percentage of area occupied by the endoneurium (%). The latter measurement included the unmyelinated fibers and degenerative debris.
The estimate of the myelinated fiber density was determined by examining the ratio of the fibers/total area analyzed. The myelin sheath thickness was estimated using the measurement tools from the Image Pro Plus Software. To estimate the axonal and fiber diameters, the area of each individual fiber was measured and the value obtained was converted to the diameter of a circle with an equivalent area. The area sizes were estimated using a point-counting technique, 8 employing grids with point density of 1 point per 1.54 mm 2 and the equation: A = Sp.a/p, where A is area, Sp the total of counted areas/point and a/p the area/point value (1.54 mm 2 ). By adding together all the myelinated fiber areas it was possible to arrive at an estimate of the total area occupied by myelinated fibers and calculate its percentage from the total analyzed area (100%). By deducting this percentage of area from the total analyzed area it was possible to estimate the percentage of area occupied by the endoneurium.
Statistical analysis
Glycemic levels, body weight, maximal speed evaluations, SFI values and morphologic measurements were analyzed using repeated measures analysis of variance (ANOVA). The Bonferroni test was used to adjust the results of the multiple comparisons at P,0.05. Descriptive data were expressed as means ¡ SEM (standard error of the mean). Data were run on SPSSH 11.5 (Statistical Package for the Social Sciences, Inc., Chicago, IL, USA).
RESULTS
Glycemic levels, body weight and maximal exercise test
During the entire experimental period, the diabetic groups (D, TD, DC, TDC) presented higher glycemic levels and lower body weight when compared to non-diabetic groups (N, TN, NC, TNC; P,0.05; Table 1 ). In both the diabetic and non-diabetic groups glycemic levels remained unchanged throughout the experiment (P.0.05). At the end of the experiment, whilst non-diabetic groups presented a gain in body weight vs their baseline values (P,0.05), diabetic groups showed maintenance (P.0.05) of their body weight. At the end of the study, there were no differences in terms of glycemic levels or body weight among the members within either the diabetic or non-diabetic groups (P.0.05; Table 1 ).
As expected, the trained groups (TN, TD, TNC and TDC) presented a progressive increase in their exercise capacity, as verified by the increase in the maximum speed of running in the METs over the training period (P,0.001); however this increase was lower in trained diabetic groups when compared to trained non-diabetic groups (P,0.05) ( Table 1 ). There were no differences between MET performance in N, D and NC groups over time. However, sciatic nerve crush induced a decrease in physical capacity in the diabetic group, as observed by the reduction in the maximum speed of running in the MET1, as compared to the MET2 and MET3 in the DC group (P,0.05; Table 1 ). non-diabetic (N), trained non-diabetic (TN) , diabetic (D), trained diabetic (TD), non-diabetic submitted to sciatic nerve crush (NC), trained non-diabetic submitted to sciatic nerve crush (TNC), diabetic submitted to sciatic nerve crush (DC) and trained diabetic submitted to sciatic nerve crush (TDC) groups. 
Sciatic Functional Index
The SFI values, including pre-training (pre-1 to 3) and post-training week records (post-1 to 10), are shown in Figure 2 . As expected, in the uninjured groups (N, TN, D and TD), all SFI values were normal, remaining stable at around -11 throughout the experiment (data not shown). There were no differences in SFI values between these groups (P.0.05).
Right footprints (ipsilateral to the sciatic nerve crush) of the injured groups (NC, TNC, DC and TDC) presented alterations in relation to the results obtained in left footprints, which included an increase in the print length value and a decrease in the toe spread and intermediary toe spread values. These alterations affected the SFI values, which tended to be more negative after sciatic nerve crush, a finding which indicates loss of motor function.
In the pre-training evaluation (pre-1 to 3), sedentary and trained non-diabetic injured rats (NC and TNC) showed significantly lower SFI values than the uninjured group (P,0.05, Fig. 2 ). These differences were not seen during all the subsequent post-training weeks (P.0.05). No differences were noted between the SFI values in the NC and TNC groups (P.0.05).
Throughout the 17 weeks of this study, no differences in SFI values (P.0.05) were observed between the DC and TDC groups. However, while the sedentary diabetic injured rats (DC) had lower SFI values when compared to the uninjured groups (N, TN, D and TD) and injured nondiabetic groups (NC and TNC) from pre-training week 1 until the post-training week 5 (P,0.05), the trained diabetic injured rats (TDC) had lower SFI values (vs uninjured groups and injured non-diabetic groups) from pre-training week 1 until the post-training week 3 (P,0.05). Therefore, the TDC group showed functional recovery two weeks before of the DC group. In addition, in subsequent weeks (after post-training week 5 for the DC group and after posttraining week 3 for the TDC group) no differences were seen between any of the groups (P.0.05).
Histological studies
Analysis of the digitized images from the proximal and distal portions of the sciatic nerve in the uninjured rats (N, TN, D and TD groups) revealed no identifiable alteration to the normal histologic features of sciatic nerve (Fig. 3) . The distal portion of the sciatic nerve of injured rats (NC, TNC, DC, TDC groups) showed a pattern of incomplete histologic regeneration with a predominance of small, thin myelinated fibers, enlargement of the space occupied by endoneurial tissue and the presence of degenerative debris. The proximal portion of the sciatic nerve of the TNC and TDC groups showed normal histological features. However, the proximal portion of the NC and DC groups showed a pattern of incomplete histologic regeneration and, in the DC group, this pattern was similar to that seen in the distal portion (Fig. 3) .
Morphometric Studies
In the sciatic nerve of the uninjured rats (N, NT, D and DT), approximately 28% of the area was occupied by endoneurium and around 72% by myelinated fibers (Fig. 4) . Furthermore, in the distal portion of the sciatic nerve crush of the NC, TNC, DC, TDC groups, the percentage occupied by endoneurium was higher (,58%, 60%, 70% and 59%, respectively) and the percentage occupied by myelinated fibers was lower (,41%, 40%, 29% and 42%, respectively) than in the uninjured groups and to their values in the proximal portion. Also, in the DC group, the proximal portion of the crushed sciatic nerve showed an increase in the percentage of endoneurium (54.5 ¡ 3%; P,0.01) and a decrease in the percentage of myelinated fibers (45.5 ¡ 3%; P,0.01) when compared to all the other groups (Fig. 4) .
Uninjured diabetic groups (D and TD) showed a decrease in the axonal diameter of the sciatic nerve (P,0.05; Fig. 5a ), while sedentary injured groups (NC and DC) showed a decrease in the myelinated fiber diameter and myelin sheath thickness of the proximal portion of the crushed nerve when compared to uninjured groups (P,0.05; Fig. 5b, c) . In addition, the DC group had a smaller axonal diameter than the uninjured rats (P,0.05; Fig. 5a ).
At the distal portion of the crushed nerve, the axonal diameter, the myelinated fiber diameter and the myelin sheath thickness of all the injured groups (NC, TNC, DC, TDC) were smaller than in the uninjured groups (N, TN, D, TD; P,0.05; Fig. 5 ).
Comparing both nerve segments in the injured groups, the distal portion showed an increase in the percentage of endoneurium, a decrease in the percentage of myelinated Figure 4 -Graphs showing the morphometrical parameters in the proximal and distal portions of the sciatic nerve in non-diabetic (N, n = 6), trained non-diabetic (TN, n = 6), diabetic (D, n = 6), trained diabetic (TD, n = 8), non-diabetic submitted to sciatic nerve crush (NC, n = 6), trained non-diabetic submitted to sciatic nerve crush (TNC, n = 6), diabetic submitted to sciatic nerve crush (DC, n = 9) and trained diabetic submitted to sciatic nerve crush (TDC, n = 7) groups. fibers and a decrease in axonal diameter, myelinated fiber diameter and myelin sheath thickness (P,0.05). However, there was no difference in the myelin sheath thickness between the proximal and distal portions of the sciatic nerve in the DC group (P.0.05; Figs 4 and 5).
In these analyzed morphometric measurements, there were no differences between the N vs TN, D vs TD and NC vs TNC groups (P.0.05), and there were also no differences in the densities of the myelinated fibers amongst all the studied groups (data not shown; P.0.05). Figure 5 -Graphs showing the morphometrical parameters in the proximal and distal portions of the sciatic nerve in non-diabetic (N, n = 6), trained non-diabetic (TN, n = 6), diabetic (D, n = 6), trained diabetic (TD, n = 8), non-diabetic submitted to sciatic nerve crush (NC, n = 6), trained non-diabetic submitted to sciatic nerve crush (TNC, n = 6), diabetic submitted to sciatic nerve crush (DC, n = 9) and trained diabetic submitted to sciatic nerve crush (TDC, n = 7) groups. A: average axonal diameter; B: average myelinated fiber diameter; C: average myelin sheath thickness. Data are expressed as means ¡ SEM. a P,0.05 vs. distal portion in the N and TN groups; b P,0.05 vs. proximal portion in the same group; c P,0.05 vs. distal portion in the N, TN, D, TD groups; d P,0.05 vs. proximal portion in the N, TN, D, TD groups; e P,0.05 vs. proximal portion in the TNC and TDC groups. 
DISCUSSION
Axonotmesis, commonly seen in crush injury, causes severe sensorimotor impairments and functional disabilities. 16 As seen in our study, crush injury induced a temporary, but complete, loss of function that recovered to control levels by 4 weeks, in non-diabetic rats. 15, 17 Complete recovery after crush injury has been explained by the guidance of regenerating axons through their original basal lamina tubes. 18 However, a previous study showed that only 71.4% of the peroneal motoneurons were correctly directed 2 months after sciatic crush injury. 19 The authors suggested that this misdirection may have been caused by damage to the basal lamina tubes by the applied crush technique as seen in others studies. 20 After sciatic nerve crush, there is a daily increase in SFI values, showing gradual improvement of hindlimb motor function. 15 In our study, in the first three weeks after sciatic nerve crush, injured diabetic rats showed significantly lower SFI values when compared with injured non-diabetic rats. Moreover, while the non-diabetic rats showed signs of functional recovery from post-injury week 4, diabetic rats recovered their motor function only after post-injury week 9. These findings indicate that the spontaneous functional motor recovery is slower in the presence of persistent hyperglycemia and could be because of the defects in nerve regeneration after injury.
Previous studies have shown that nerve regeneration after injury is impaired in experimental 21 and human 22 diabetes as a result of delay in wallerian degeneration time course, 23 elongation rate of axonal sprouts 24 and, subsequently, in nerve fiber maturation. 4 Although all injured rats displayed motor function recovery at 13 weeks after sciatic nerve crush, evidence of morphologic alterations to the sciatic nerve remained in the proximal and distal nerve portions. In the proximal portion, the injured groups (NC and DC) showed reduction of the myelinated fiber diameter and myelin sheath thickness. The DC group also showed axonal atrophy, a decrease in the percentage of the area occupied by myelinated fibers and an increase in the percentage of the area occupied by endoneurium.
Proximal to the lesion, generally the degeneration stops at the first internode in mild injuries, but may extend further, proximally, in severe injuries. 25 Little is known about the effects of crush on the proximal sciatic portion as most studies focus on the distal portion. A recent study from our laboratory showed a decrease in myelinated fiber and axonal diameter in non-diabetic rats after 7 weeks following sciatic nerve crush. 8 We believe that the findings in the proximal nerve portion of the NC and DC groups may indicate incomplete fiber maturation after retrograde degeneration following sciatic nerve crush and/or by the degeneration process of misdirected axons, which fail to reach the end-organ. Also, a reduced axon diameter represents a characteristic common in diabetes caused by persistent hyperglycemia. In fact, axonal atrophy is a common finding in diabetic peripheral nerves after short-(15 days) 26 and long-term (12 weeks and 12 months) diabetes. 2, 27 Distal to crush injury, in all the groups studied, there were reductions in the myelinated fiber diameter, axonal diameter, myelin sheath thickness and the area occupied by myelinated fiber, and an increase in the area occupied by endoneurium. These morphometric alterations could indicate incomplete spontaneous regeneration after wallerian degeneration of the distal nerve portion. These morphologic alterations in the distal portion of the sciatic nerve were also observed at 3, 17 7 8 and 12 weeks 15,17 after crush injury in non-diabetic rats, and at 5 and 24 weeks after nerve injury in diabetic rats. 28 Considering the debility of motor function presented by injured diabetic animals in the first weeks after sciatic nerve crush, in the present study, we chose to start the training protocol in 4 th week after the crush injury in order to prevent the deleterious effects of exercise on denervated muscle in the diabetic groups. 29 In our study, the treadmill training was not able to promote morphometric modifications of the distal nerve portion of the injured nerve. However, the treadmill training accelerated functional motor recovery to the 7 th week after sciatic nerve crush of the injured diabetic rats and prevented or reverted the morphologic alterations found in the proximal portion of non-diabetic and diabetic injured sciatic nerve.
Treadmill training after nerve injury of non-diabetic rats produces a marked enhancement of motor axon regeneration 7, 30 and enhances the return of sensorimotor function 30, 31 without an increase in the proportion of misdirected motor axons to functionally inappropriate targets. 6 A previous study showed that 7 weeks following sciatic nerve crush the distal nerve portion of the endurancetrained non-diabetic rats (by 5 weeks) showed an increase in myelin sheath thickness and in the percentage of the area occupied by myelinated fibers in comparison with sedentary non-diabetic rats. This study also showed that abnormal morphologic alterations of the proximal portion of sciatic nerve after crush in non-diabetic rats were also prevented or reverted by exercise. 8 We hypothesized that increasing motoneuron inputs via the spinal circuits that drive locomotion during the regeneration period may influence the functional and morphologic outcome by enhancing fiber maturation which is impaired by diabetes 4 and by crush. 8 Treadmill training may promote the enhancement of fiber regeneration after sciatic nerve crush by potentiating Schwann cell proliferation mediated by phospho-ERK1/2 protein levels 32 and by up-regulation of neurotrophins resulting from increased neuronal activity. 33 In fact, the expression of neurotrophic factors, such as brain-derived neurotrophic factor and neurotrophin 3 were decreased in diabetes 34 and increased by exercise training in muscle and spinal cord. 35 
CONCLUSIONS
Our findings indicate that diabetic condition caused deleterious effects on sciatic nerve regeneration demonstrated by a delay in hindlimb motor function recovery and worse morphometric alterations in proximal nerve portions. In addition, even in the presence of persistent hyperglycemia, a 10-week treadmill training protocol was able to accelerate hindlimb motor function recovery in injured diabetic rats and prevent or revert morphometric alterations in proximal nerve portions in non-diabetic and diabetic injured rats.
